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TENSILE  FAILURE  OF  UNFLAWED  POLY  CRYSTALLINE  AL^ 


Scanning  electron  microscopy  and  acoustic  emission  are  used  to  inves- 
tigate the  initial  stages  of  tensile  failure  in  unflawed  polycrystalline 
alumina.  It  is  found  that  deformation  twinning  plays  an  important  role  in 
crack  initiation  even  at  low  homologous  temperatures,  and  that  the  tempera- 
ture-dependent strength  behavior  between  23°  to  410°C  is  controlled  by  twin- 
ning. 

1 . Introduction 

Polycrystalline  aluminum  oxide  is  generally  considered  to  be  an  arch- 
type brittle  ceramic.  Yet  for  many  years,  it  has  been  known  that  the  ten- 
sile strength  of  AI2O3  is  characterized  by  certain  behavior  occurring  at 
relatively  low  homologous  temperatures  whose  basis  has  been  laid  to  at  least 
limited  plasticity.  Generally,  this  plasticity  has  been  related  to  thermally- 
activated  events  at  the  tips  of  subcritical  cracks. 

The  kind  of  strength  behavior  under  discussion  is  shown  in  Fig.  1 [1], 

. in  which  it  can  be  seen  that  the  bend  strength  first  decreases  with  increas- 

ing temperature  until  around  400°C,  above  which  point  a dramatic  increase  in 
i strength  is  observed.  It  has  been  suggested  [2-4]  that  the  strength  increase 

might  be  caused  by  thermally-enhanced  local  crack  tip  plasticity,  causing 
crack  blunting  or  bifurcation.  However,  detailed  TEM  study  by  Weiderhom, 
Hockey,  and  Roberts  [5]  has  demonstrated  conclusively  the  absence  of  dislo- 
cations at  the  tips  of  arrested  tensile  cracks  in  AI2O3.  Manifestation  of 
the  strength  minimum  in  vacuo,  moreover,  indicates  that  the  effect  is  not 
environmental.  It  has  been  proposed  [5]  that  some  sort  of  thermally-acti- 
vated complexing  at  crack  tips  might  provide  an  explanation,  but  the  possible 
structure  and  strength-enhancing  mechanism  of  this  "complex"  has  been  dis- 
cussed only  sketchily. 

Recently  the  writer  reported  the  results  of  experiments  in  which  the 
compressive  strength  of  a polycrystalline  aluminum  oxide  was  determined  as 
i a function  of  strain  rate  and  temperature  [6]  . The  presence  of  a strength 

minimum  at  200-300°C  was  reminiscent  of  the  similar  effect  described  above 
for  the  tensile  case.  This  suggested  that  the  same  mechanism  (twin-nucleated 
microcracking)  responsible  for  the  compressive  strength  minimum  might  explain 
the  tensile  strength  behavior  as  well.  Indeed,  cursory  investigation  of  a 
few  tensile  fractures  supported  this  idea.  In  this  paper,  the  results  of  a 
more  detailed  look  at  tensile  failure  in  Lucalox  are  reported,  and  are  shown 
to  support  the  suggestion  that  the  strength  minimum  in  unflawed  AI2O3  is 
caused  by  thermally-activated  deformation  twinning,  which  in  turn  controls 
crack  initiation. 
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FIGURE  1.  TEMPERATURE-ATMOSPHERE  EFFECTS  ON  THE 
BEND  STRENGTH  OF  LUCALOX  [1] 
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2 . Experimental  Procedure 

As-received  rods  of  polycrystalline  alumina  (type  GW  Lucalox*)  were 
cut  to  length  for  three-point  bending  tests,  and  their  ends  ground  flat  for 
attachment  of  an  acoustic  emission  transducer.  Prior  to  testing,  specimens 
were  cleaned  ultrasonically  and  rinsed  in  alcohol  and  distilled  water. 

Bend  tests  were  carried  out  at  a strain  rate  of  1 x 10  ^ sec  \ at 
temperatures  of  23°  and  410°C.  Acoustic  emission  within  the  frequency  do- 
main 100  kHz  to  1 MHz  was  monitored  during  room  temperature  testing,  using 
a PZT  transducer  resonant  at  160  kHz  (the  acoustic  emission  apparatus  and 
procedures  are  discussed  in  detail  elsewhere  [7]).  The  acoustic  emission 
detection  sensitivity  level  used  in  the  tensile  tests  was  identical  to  that 
used  in  similar  compression  tests  [7].  The  purpose  of  the  three-point  bend 
tests,  as  opposed  to  four-point,  was  to  localize  any  tensile  damage  and 
thereby  facilitate  its  detection  visually.  Similarly,  the  major  goal  of 
the  acoustic  emission  work  was  to  determine  the  stress  level  at  which  ten- 
sile. damage  commenced.  It  addition,  it  will  be  seen  that  the  acoustic  emis- 
sion is  helpful  in  actually  assessing  the  failure  micromechanism. 

Most  of  the  specimens  were  tested  to  failure  and  then  studied  in  the 
SEM.  A few  were  loaded  to  varying  sub-failure  stress  levels  and  then  un- 
loaded for  study  of  early  damage.  All  specimens  were  coated  with  palladium 
for  SEM  observation. 


3.  Results 


3.1  Acoustic  Emission 


A particularly  instructive  format  for  utilizing  the  acoustic 
emission  results  is  to  plot  the  log  of  the  count  rate  dN/dt  versus  the  log 
of  applied  stress  o,  as  shown  in  Fig.  2.  Here,  in  addition,  are  shown  ear- 
lier tensile  results  by  Evans,  Linzer,  and  Russell  [8],  for  as-machined 
Lucalox,  and  recent  compressive  results  [7]  for  the  same  as-fired  Lucalox 
used  in  the  present  study.  In  all  three  cases  shown,  the  strain  rates  and 
test  temperatures  are  approximately  the  same.  For  the  tensile-loaded,  as- 
machined  material,  the  slope  S of  log  dN/dt  versus  log  a is  essentially 
constant.  On  the  other  hand,  log  dN/dt-log  a curve  for  the  as-fired  mater- 
ial loaded  in  tension  is  divided  into  two  regions  of  varying  slope.  The 
initial  value  of  S is  considerably  lower,  by  a factor  of  50%,  then  for  the 
as-machined  Lucalox.  At  higher  stresses,  a transition  occurs,  with  S ap- 
proximately equal  to  the  as-machined  value.  It  is  interesting  to  observe 
that  during  early  stages  of  damage,  S for  the  as-fired  alumina  seems  to  be 
independent  of  the  mode  of  loading,  i.e.,  the  slope  is  approximately  equal 
for  both  compressive  and  the  first  stage  of  tensile  loading.  However,  both 
the  threshold  stress  (°AE^  for  acoustic  emission  in  tension,  and  also  the 
initial  count  rate,  are  approximately  an  order  of  magnitude  lower  than  the 
corresponding  parameters  in  compression. 
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FIGURE  2.  ACOUSTIC  EMISSION  COUNT  RATE  VERSUS 
APPLIED  STRESS  FOR  LUCALOX 
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Bend  strength  (<XjO  and  acoustic  emission  threshold  stress  results  are 
summarized  in  Table  1.  The  average  strength  level  at  410 °C  is  only  slightly 
lower  than  that  at  23°C,  and  according  to  the  results  of  Fig.  1,  should  re- 
flect the  presence  of  whatever  micromechanisra  is  responsible  for  the  general 
“ strength  increase  with  rising  temperature. 


TABLE  1.  BEND  TEST  RESULTS 


Temperature 

0 .ji 

-2. 

°AE 

-2 

1 (°C) 

(MN  m ) 

(MN  m ) 

! 

- 

’ 23 

215  + 23 

102  + 17 

410 

177  + 25 



3.2  Scanning  Electron  Microscopy 

Prefracture  deformation  is  more  difficult  to  locate  at  23°C  than 
at  the  higher  temperature.  However,  a diligent  scanning  of  regions  adjoining 
the  fracture  surfaces  of  specimens  failed  at  room  temperature  does  reveal 
evidence  of  microplasticity  and  indicates  its  role  in  the  failure  process 
as  well. 

In  Fig.  3,  several  examples  of  microplasticity  produced  by  uni- 
axial tensile  (bending)  stresses  at  23°C  can  be  seen.  These  areas  all  were 
located  within  a few  grain  diameters  of  the  fracture  surface  (in  each  of  the 
photomicrographs  to  be  discussed,  the  stress  axis  is  vertical).  Whether 
these  particular  markings  reflect  twinning  or  slip  cannot  be  determined  with 
certainty,  since  they  are  so  narrow.  However,  they  do  resemble  closely  sur- 
face deformation  produced  in  the  same  material  by  compressive  loading,  and 
positively  identified  as  twinning  [6].  A comparison  between  such  defects 
caused  by  tensile  and  compressive  stresses  is  shown  in  Figs.  4a  and  4b,  re- 
spectively. Identification  of  the  compressive  flaws  as  twins  was  facilitated 
by  the  fact  that  they  often  are  reasonably  broad  and  permit  observation  of 
offsets  in  surface  scratches.  The  tensile  twins,  particularly  at  room  tem- 
perature, seem  to  be  much  thinner. 

The  possible  role  of  the  twins  in  causing  tensile  failure  is  sug- 
gested by  Fig.  5.  For  the  bend  specimen  shown  in  Fig.  5a,  the  apparent  frac- 
ture origin  was  the  thumbnail  region  indicated  by  the  arrow.  This  region 
was  immediately  opposite  the  center  support  in  the  three-point  bend  rig. 

Near  the  center  of  the  thumbnail,  the  grain  shown  in  Fig.  5b  was  located. 

This  grain  exhibits  the  same  twin-like  features  noted  previously,  with  the 
fracture  plane  appearing  to  wander  along  several  twin  planes.  Such  behavior 
has  been  observed  during  compressive  microfracture  of  Lucalox,  and  is  typi- 
cal of  twin-nucleated  cracking  [61  in  this  material. 


tests 


Similar  twinning  and  twin-related  cracking  is  found  for  tensile 
carried  out  at  higher  temperatures.  In  Figs.  6 and  7,  extensive 


FIGURE  4.  COMPARISON  OF  SURFACE  MICROPLASTICITY  (ARROWS) 
PRODUCED  IN  TENSION  AND  COMPRESSION  AT  23°C 


ire  surface;  arrow 
origin  of  failure 


(b)  Grain  associated  with  initial  flaw 
showing  apparent  twin-induced 
microfracture 


FIGURE  5.  RELATIONSHIP  BETWEEN  TWINNING,  MICROFRACTURE 
AND  TENSILE  FAILURE 


FIGURE  6.  TWINNING  UNDER  TENSILE  LOADING  AT  410°C 


FIGURE  7.  TWINNING  AND  TWIN-PLANE  MICROCRACKING 
(ARROW)  UNDER  TENSION  AT  410°C 
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fine-scale  twinning  has  occurred  in  grains  adjacent  to  the  major  fracture 
surface,  with  microcracks  having  initiated  within  some  of  the  twins  (note 
the  wandering  of  the  crack  (C)  in  Fig.  6b  from  one  twin  plane  to  another). 
Also  at  higher  temperature,  it  is  observed  that  multiple  twin  systems  begin 
to  be  activated,  as  was  the  case  during  compression  testing  [7].  This  is 
shown  in  Fig.  8,  where  intersecting  twins  (T)  have  initiated  cracks  within 
(Cl)  and  normal  to  (C2)  twin  traces.  Some  of  the  twins  nucleated  at  410°C 
achieve  a significantly  greater  thickness  than  those  formed  at  room  tempera- 
ture. These  twin  facets  were  often  noted  near  failure  nucleation  sites; 
such  a location  is  shown  in  Fig.  9,  in  which  the  local  fracture  has  wandered 
along  a possible  twin  facet  (arrow). 


4.  Discussion 


The  first  indication  that  some  mechanism  other  than  microcracking 
alone  is  responsible  for  the  observed  thermally-activated  tensile  strength 
behavior  can  be  deduced  from  the  acoustic  emission  results.  Earlier,  Evans, 
et  al . [8],  had  developed  an  analytical  model  for  acoustic  emission  due 
solely  to  microcracking  in  bulk  specimens.  Based  on  this  model,  the  slope 
of  In  (dN/dt)  versus  In  a should  be  approximately  10.  This  was  found  to  be 
the  case  for  their  as-machined  Lucalox  specimens,  which  contained  a large 
population  of  prior  flaws,  i.e.,  machining  cracks,  and  which  gave  a slope 
of  11.7  (Fig.  1).  In  the  present  case,  the  much  lower  initial  slope  and  the 
markedly  reduced  count  rate  for  equivalent  stresses  point  to  the  operation 
of  some  methanism  other  than  microcracking  to  account  for  the  early  stages 
of  acoustic  emission  in  unflawed  AI2O3.  As  noted  by  Evans,  et  a l.[8],  the 
only  other  obvious  candidates  are  dislocation  motion  and  twinning.  The  fact 
that  the  compressive  and  early  stages  of  tensile  stressing  of  unflawed  Luca- 
lox produce  essentially  the  same  In  (dN/dt)  versus  In  a slope  implies  that 
the  source  of  acoustic  emission  is  identical  in  both  cases.  SEM  work  previ- 
ously has  proven  twinning  to  be  the  earliest  source  during  compression  [6] , 
and  the  present  electron  optical  observations  are  compatible  with  the  same 
conclusions  for  tensile  failure.  However,  it  is  more  difficult  to  separate 
twinning  from  possible  slip  traces  in  the  latter  case,  since  the  apparent 
tensile  twins  are  not  as  thick  as  those  generated  during  compression. 

Certain  work  by  others  is  in  general  agreement  with  the  idea  that  twin- 
ning controls  tensile  fracture  in  cases  such  as  the  present  one.  More  than 
ten  years  ago,  Heuer  [9]  showed  that  deformation  twinning  was  associated 
with  fracture  initiation  in  corundum  single  crystals  broken  in  bending  at 
temperatures  as  low  as  -196°C.  Later,  Congleton,  et  al . [2]  showed  that 
there  exists  a minimum  at  250°C  in  the  tensile  fracture  stress  of  polycrys- 
talline specimens  containing  drilled  holes.  Two  possible  explanations  for 
this  minimum  were  offered:  (1)  temperature-dependent  crack  tip  plasticity, 

or  (2)  thermally  activated  crack  initiation  involving  slip  or  twinning. 

The  TEM  work  by  Weiderhorn,  et  al.  [5],  discussed  earlier  argures  against 
the  former.  Recently,  Becher  [10]  has  shown  that  the  tensile  failure  of 
as-ground  sapphire  bars  is  controlled  by  grinding-induced  deformation  twins, 
along  the  habit  planes  of  which  the  initial  microfractures  propagate.  The 
implication  here  is  that  while  grinding  introduces  several  forms  of  surface 
damage,  including  microcracking,  slip,  and  twinning,  the  propensity  for 
the  twin/parent  interface  to  fail  under  tensile  loading,  combined  with  the 
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size  of  the  twins,  can  cause  twinning  to  dominate  as  the  principal  failure 
mechanism.  Finally,  deformation  markings  similar  to  some  of  those  seen  in 
the  present  study  have  been  observed  by  Coble  and  Parikb  [11]  on  Lucalox 
deformed  in  tension.  However,  the  markings  at  that  time  could  not  be  un- 
ambiguously associated  with  failure,  and  their  identification  as  twins  was 
only  tentative.  The  present  results  indicate  the  correctness  of  these  ear- 
lier speculations  [11]. 

It  is  interesting  to  consider  the  stress  levels  apparently  required 
for  twin  nucleation  in  tension  and  in  compression.  Acoustic  emission  indi- 
cates that  twinning  during  tensile  loading  (T  = 23°C,  c ~ 10-5  sec“l)  com- 
mences at  around  130  MN  m"2,  while  compressive  loading  under  similar  condi- 
tions requires  a stress  of  1400  MN  m-2  to  initiate  twins,  as  shown  in  Fig.  2. 
The  reason  for  this  ten-fold  strength  differential  may  be  related  to  the  in- 
herent stability  of  flaws  nucleated  under  compression  as  compared  to  those 
formed  in  tension. 

It  is  possible  that  during  compressive  deformation,  microtwins  actu- 
ally nucleate  at  stress  levels  significantly  lower  than  those  detected  by 
the  present  acoustic  emission  system.  However,  it  is  already  well  known  [6] 
that  flaws  such  as  microcracks,  once  nucleated  in  compression,  are  excep- 
tionally stable  and  frequently  require  much  higher  stress  excursions  in 
order  to  extend.  If  the  stress  wave  displacement  due  to  initial  compressive 
twinning  were  below  the  minimum  displacement  sensitivity  of  the  acoustic 
emission  system,  as  might  be  the  case  for  very  small  microtwins,  then  the 
presence  of  the  twins  would  be  undetected.  Detectable  acoustic  emission 
would  then  occur  at  higher  stresses  when  the  twins  are  driven  completely 
across  grains,  which  is  generally  accomplished  without  cracking  the  twin/ 
parent  boundary;  rather,  it  is  more  common  in  compression  [6]  for  cracks  to 
nucleate  at  twin/grain  boundary  intersections.  Usually  the  twins  are  stable 
enough  to  grow  sidewise  to  achieve  a finite  thickness.  On  the  other  hand, 
microtwins  formed  in  tension  may  be  less  stable.  They  usually  are  very 
thin,  tend  to  extend  completely  across  grains,  and  often  are  microcracked 
along  the  twin/parent  boundary.  A suggested  scenario  is  one  in  which  the 
first  twins  nucleated  in  tension  zip  across  a grain  as  soon  as  they  are 
formed,  accompanied  by  stress  wave  emission.  Upon  reaching  a critical  size 
on  the  order  of  the  grain  size,  the  weak  twin/parent  interface  frequently 
parts  in  tension,  which  effectively  precludes  further  thickening  of  the 
twin.  At  higher  stress  levels,  these  cracked  twins  themselves  bet,in  to 
serve  as  active  flaws,  causing  crack  initiation  and  extension  in  adjacent 
grains.  Thus,  they  can  from  this  level  on  be  considered  as  "microcracks," 
whose  acoustic  emission  response  undergoes  a change  from  that  characteristic 
of  twinning  to  that  corresponding  to  microcrack  extension.  This  is  mani- 
fested in  the  S value  for  higher  stresses  being  approximately  equal  to  that 
found  by  Evans,  et  al . [8],  for  initially  microcracked  (machined)  specimens. 

The  fact  that  twinning  begins  to  occur  on  multiple  systems  at  higher 
temperatures  explains  the  observed  temperature  dependent  strengthening  ef- 
fect. Plastic  accommodation  at  local  stress  concentrations  through  multiple 
twinning  reduces  the  necessity  for  crack  formation.  Moreover,  cracks  which 
do  occur  in  such  multiple  twin  fields  tend  to  interfere  and  interact  with 
one  another  rather  than  running  neatly  across  each  twinned  grain.  This 
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could  reduce  the  propensity  for  further  crack  extension  in  such  regions, 
thereby  effectively  raising  the  failure  stress. 

5 . Conclusions 

The  temperature-dependent  strength  behavior  of  unflawed  polycrystalline 
alumina  in  the  temperature  range  23°C  to  410°C  is  caused  by  deformation  twin- 
ning through  its  role  in  microcrack  initiation.  The  twinning  is  responsible 
for  acoustic  emission,  whose  count  rate  is  dependent  upon  stress  according 
to  the  same  relationship  observed  for  twinning  in  compression.  The  strength- 
ening effect  at  higher  temperatures  is  caused  by  enhanced  twinning  generally, 
and  multiple  twin  system  activity  in  particular,  which  aids  in  accommodating 
local  strain  concentration. 
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1.  Introduction 


Indentation  fracture  recently  has  been  characterized  in  terms  of  the 
sequence  of  formation  and  the  morphologies  of  cracks  produced  during  point 
indentation  of  brittle  solids  [1*2] . TEM  observations  by  Hockey  [3]  and 
Hockey  and  Lawn  [4]  have  demonstrated  the  presence  of  micro-plastic  damage 
zones  beneath  indentations  in  several  brittle  materials,  and  Hurley  [5]  has 
observed  slip-like  surface  features  adjacent  to  indentations.  Hockey  [3] 
has  obtained  surface  terraces,  on  etching  indent  sites,  whose  directions 
correspond  to  possible  slip  and  twin  traces.  However,  the  relationship  be- 
tween plastic  deformation  and  crack  initiation  remains  unclear,  and  present- 
ly only  the  extension  of  certain  types  of  indentation  cracks  can  be  predict- 
ed, using  the  fracture  mechanics  approach  [6] . 

During  penetration  by  a sharp  indenter,  two  kinds  of  cracks  are  nucle- 
ated; the  first  to  form,  known  as  radial  or  median  vent  cracks,  extend  into 
the  solid  along  indent  diagonals.  Initiation  occurs  on  the  loading  half- 
cycle, within  the  inelastic  subsurface  zone.  On  the  unloading  half-cycle, 
other  cracks  are  nucleated  near  the  surface,  in  the  vicinity  of  the  elastic- 
plastic  boundary.  Growth  of  these  lateral  cracks  is  away  from  the  indent 
and  roughly  parallel  to  the  surface  before  curving  up  to  intersect  it.  Of 
these  two  types  of  fracture,  lateral  cracking  is  thought  to  be  relevant  to 
material  removal  during  solid  particle  erosion. 

It  has  been  suggested  by  Evans  and  Wilshaw  [6]  that  lateral  cracking 
in  particular  may  be  initiated  by  flaws  generated  during  plastic  deformation 
of  the  region  subsurface  to  the  indenter  (this  suggestion  is  supported  by 
the  independence  of  the  lateral  crack  formation  load  with  respect  to  surface 
condition).  It  is  the  purpose  of  this  report  to  demonstrate  the  validity  of 
this  idea  for  alumina. 

2 . Experiments 

As-fired  l.ucalox  rods  were  indented  statically  with  a diamond  pyramid 
indenter.  Individual  grains,  of  average  dimension  40  pm,  were  selected  for 
multiple  indentation  at  sequentially  higher  loads,  with  the  indent  orienta- 
tion maintained  constant  within  a given  grain.  Following  indentation,  the 
specimens  were  coated  with  palladium  for  study  in  the  scanning  electron 
microscope . 

3.  Results  and  Discussion 


For  loads  of  10  gm  and  less,  indentations  are  formed  with  no  observable 
(at  20.000X)  cracking.  However,  faint  evidence  of  plasticity  is  visible 
along  the  inner  walls  of  the  indentation,  in  the  form  of  a regular  pattern 
of  handing.  These  bands  are  more  readily  visible  at  higher  loads,  as  shown 
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in  Fig.  1,  where  other  features  also  are  of  interest.  Radial  cracking  be- 
gins at  loads  in  excess  of  10  gm,  with  the  radial  cracks  being  associated 
with  the  indentation  corners;  they  do  not  appear  to  extend  to  the  bottom  of 
the  indent  until  loads  of  several  hundred  gm  are  attained. 

Plastic  "deformation  bands"  are  found  along  the  indentation  walls,  as 
well  as  on  the  specimen  surface  adjacent  to  the  indent,  as  shown  in  Fig.  1 
(arrows).  Recent  work  [7]  indicates  that  twinning  is  the  earliest  stage  of 
damage  in  this  same  material  when  stressed  in  uniaxial  compression  or  tension 
at  23°C.  It  also  is  known  that  indentation  produces  a compressive  stress 
state  on  the  indent  facets,  and  tension  in  the  surrounding  surface  region 
[6].  Hence,  it  is  likely  that  the  observed  indentation  plasticity  consists 
of  deformation  twins.  In  support  of  this  suggestion.  Hockey  [8]  has  ob- 
served through  TEM  that  whereas  the  bulk  of  the  plastic  damage  in  sapphire 
is  confined  below  the  indentation,  microtwins  often  extend  upward  from  this 
region  to  the  surface. 

It  has  been  shown  [7]  that  the  twin  planes  in  Lucalox  are  preferred 
fracture  planes,  along  which  cracks  may  initiate  in  both  tension  and  com- 
pression. Under  indentation  loading,  they  appear  to  serve  as  lateral  crack 
nuclei  for  loads  of  100  gm  and  greater.  In  Fig.  2,  a lateral  crack  has 
formed  at  the  left  edge  of  the  indent  crater,  with  the  center  section  of 
the  crack,  along  the  edge  of  the  indent,  being  exceptionally  straight.  Ro- 
tation of  the  viewing  angle  by  90°  (Fig.  3)  shows  that  this  section  corre- 
sponds to  the  intersection  of  an  apparent  deformation  twin  with  the  rim  of 
the  indent,  below  which  other  non-cracked  twins  (probably  lenticular  in 
shape  [3])  are  visible.  The  crack  extends  laterally  over  a distance  of 
about  5 pm,  as  determined  by  viewing  the  specimen  optically  and  focusing 
below  the  surface  to  image  the  crack  plane.  The  conceptual  relationship 
between  twinning  and  crack  formation  is  sketched  in  Fig.  4. 

This  type  of  deformation-induced  cracking  was  observed  consistently, 
its  repeatability  being  further  evidence  of  the  role  played  by  the  indenta- 
tion plastic  zone,  as  opposed  to  pre-existing  flaws.  Tor  a given  crystallite 
and  indenter  orientation,  the  crack  initiation  pattern  at  multiple  indents 
was  almost  identical,  i.e.,  the  initial  lateral  cracking  always  occurred  on 
a specific,  preferred  side  of  each  indent,  and  each  crack  usually  could  be 
identified  with  a twin  trace.  At  higher  loads,  lateral  cracks  begin  to  nuc- 
leate at  other  sides,  also  in  a repeatable  sequence. 
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The  fact  that  the  twins  required  for  lateral  crack  initiation  are  pres- 
ent early  on  implies  that  the  critical  load  for  macrocrack  formation  does 
not  correspond  to  that  needed  to  nucleate  a twin.  Rather,  it  is  more  likely 
that  the  occurrence  of  a critical  microcrack  extension  load  is  based  on  the 
statistical  probability  of  crack  extension  along  the  twin  plane,  which  in- 
creases with  the  volume  of  stressed  material  [6] . The  critical  extension 
load  is  a function  of  grain  orientation  relative  to  the  indenter,  since  this 
factor  controls  the  angular  relationship  between  the  unloading  tensile  stress 
field  and  the  most  favorable  twin  plane,  on  which  the  twins  have  formed  dur- 
ing the  loading  indent  cycle.  This  is  reflected  in  variation  in  the  lateral 
crack  extension  load  by  approximately  50%  for  varying  indenter/crystallite 
orientations . 
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Indentation  due  to  100  gm  load,  with 
radial  (R)  and  lateral  (L)  cracks. 


Indentation  due  to  50  gm  load,  with 
radial  cracks  (R)  and  twins  (arrows) 
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deformation 
twin  traces 
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Magnified,  rotated  view  of  Fig.  2, 
showing  relationship  between  lateral 
crack  and  twins  (curved  slightly  due 
to  inelastic  indent  relaxation). 


Conceptual  relationship  between  inden 
tat  ion  twins  and  lateral  crack  forma- 
tion. 
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